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ABSTRACT 


The temporal aspects of the adverse effects of tn situ post- 
mortem warm ischemia on islet of Langerhans integrity were examined by 
histology, electron microscopy, and in vitro functional studies. Light 
microscopy was not informative as no definite morphologic changes were 
observed during up to 24 hours of ischemia. By electron microscopy, 
irreversible cell damage defined by the disruption of cell and organelle 
limiting membranes was noted by six hours. In vitro insulin secretion 
by isolated perifused islets was moderately impaired by 1/2 hour and 
severely reduced following one hour of ischemia, suggesting a similar 
degree of impairment of viability. Also, significant progressive 
decrements occurred in the number of islets isolated at 1/2 and one 
hour of ischemia and virtually no islets could be isolated beyond one 
hour. 

Attempts to improve islet viability following ischemia by pre- 
treatment of the donor animal with methylprednisolone [30 mg/kg 
intravenously for 2 hours] produced a reduction in insulin secretion 
from control and 1/2 hour ischemic islets. This effect, which may 
have been secondary to the glucocorticoid actions of the drug, prevented 
any conclusions regarding its effect on viability of ischemic islets. 
Methylprednisolone did result in increased numbers of islets being 
harvested following one hour of ischemia but did not prolong the 


ischemic interval during which islets could be isolated. 
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The major conclusion of this research was that warm ischemia 
results in a rapid decline in yield and viability of islets of 
Langerhans. Accepting declining numbers and viability, islets for 
transplantation could be harvested from cadaver donors following warm 


ischemia up to a maximum period of one hour. 
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CHAPTER I 


I. INTRODUCTION 


A. Research Aim 

The objective of this research was to temporally delineate the 
adverse effects of warm ischemia [Appendix I] on the structure and 
function of islets of Langerhans. The practical application of this 
very basic information would be to provide guidelines for the 
harvesting of isolated islets for transplantation from human donors 
subject to ante-mortem ischemic insults or in the early post-mortem 


period. 


B. Current Status of Islet of Langerhans Transplantation 

Diabetes mellitus is an incurable disease with current medical 
knowledge. The momentous discovery of insulin has allowed for 
regulation of the metabolism of diabetic patients to achieve increased 
longevity and decreased morbidity. However, present therapeutic 
measures of diet, oral hypoglycemic agents, and exogenous insulin 
injections, no matter how complex or rigidly adhered to, cannot be the 
ultimate answers in this disease. The reasons for this are that they 
cannot completely normalize metabolism, particularly of glucose, and 
they do not prevent the appearance of numerous complications associated 
with diabetes. Whether these secondary complications arise from the 
inability of exogenous insulin to completely reverse the metabolic 


abnormalities or are due to the lack of other essential metabolic 
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substances in diabetic patients is not known. It is for these two 
reasons that alternative means of controlling and hopefully eventually 
curing this disease continue to be sought. 

Not surprisingly in this era of avid interest in tissue 
transplantation, the possibility of restoring the diabetic patient's 
metabolic status quo by transplantation has been broached. The 
obstacle to this approach has been that the required endocrine tissue, 
the islets of Langerhans, which contain the insulin - producing beta 
cells and other hormone synthesizing cells, constitutes only 1-2% of 
the pancreas and is randomly located within the much larger exocrine 
component. Reducing the amount of exocrine tissue through atrophy 
by previous ligation of the major pancreatic ducts is obviously not 
applicable for human transplantation. Continuing attempts are being 
made to transplant the entire pancreas, or a major portion of it, 
to obtain the benefits of its minor endocrine component (19, 32, 51). 
These procedures are very difficult technically and meet not only with 
the expected rejection phenomena but also are fraught with complications 
arising from the superfluous exocrine portion of the gland and the 
often attached duodenum. Although the clinical experience with 
pancreatic grafts has been generally unrewarding, many of the recipients 
have had an interval of normalization of their glucose metabolism, some 
even to the point of no longer requiring insulin therapy, supporting 
the concept that transplantation of the endocrine portion is a valid 
therapeutic consideration. Therefore, techniques for transplanting 


isolated islets by themselves are being investigated. 
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It was documented early in this century by Bensley (7) that 
individual islets of Langerhans could be isolated from the pancreas. 
However, it was not until 1964 when Hellerstrom (38) was able to micro- 
dissect appreciable numbers of metabolically intact islets from 
several mammalian species that their possible use for transplantation 
came to be realized. During the ensuring decade considerable progress 
has been made toward elucidating the therapeutic potential of this 
method. 

The continuing fundamental challenge of this technique has been 
to be able to harvest sufficient numbers of viable islets from one 
donor pancreas to adequately meet the insulin-production requirements 
of a diabetic recipient. In 1965, Moskalewski (63) provided the 
basis for current harvest techniques by using enzymatic digestion with 
collagenase to separate the exocrine acinar tissue from intact islets, 
allowing them to be hand picked from among the acinar debris. This 
method was improved upon by Lacy and Kostianovsky in 1967 (47) when 
they introduced the concept of mechanically disrupting the acinar 
tissue in sttu by injecting a balanced salt solution via the pancreatic 
duct system and demonstrated that the islets could be separated from 
the collagenase-digested exocrine tissue by centrifugation in a 
discontinuous density gradient. With experience, approximately two 
hundred islets can be gleaned from one rat pancreas with this method 
(2) and an experimentally diabetic rat can be cured by the isogenic 
intraportal transplantation of 400-600 islets (44). Similar relative 
numbers of islets have been obtained from the pancreas of other 


species including man (81). The basic fault in this technique has 
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been that only those islets isolated at the time the digestion process 
is terminated are available for harvesting. Those separated earlier 
will have been disrupted by on-going enzyme digestion and those still 
attached to acinar tissue cannot be isolated. Recently, Scharp et al 
(74) have partially solved this problem. In their method, the 
pancreatic tissue to be digested is transferred into a cylinder made 
of stainless steel mesh with a pore size of 260 micron diameter, which 
is a suitable size to allow separated islets to pass out of the 
cylinder while retaining larger tissue fragments for further digestion. 
This apparatus is placed within a plexiglass tube for the digestion 
procedure which involves repeating sequences of adding collagenase 
solutions, agitating the vessel in a 37°C waterbath, and washing out 
the products of digestion at frequent intervals followed by density 
gradient centrifugation to obtain the islets separated at different 
times throughout the digestion process. This method has increased the 
number of islets recovered per rat pancreas to 450 and the islets 
from one donor pancreas can significantly ameliorate a recipient's 
diabetic state. Similar success has been achieved in isolating and 
transplanting islets from the pancreases of monkeys with this technique. 
Considerable experience has been obtained in the transplantation 
of isolated islets in animals with experimental diabetes. These 
investigations have shown that the most efficient site for their 
administration is into the liver via injection into the portal vein 
(3, 44). Histologically, the islets have been shown to lodge in the 
terminal portal venules and become revascularized. With this technique, 


complete normalization of the clinical parameters of diabetic monitoring - 
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body weight, blood sugar, urine volume and glucose content - can be 
achieved. However, oral and intravenous glucose tolerance tests 

tend to evoke mildly diabetic patterns of insulin release and glucose 
metabolism (70, 72). The cause of this persistent abnormality has yet 
to be explained but speculation has suggested such factors as inadequate 
numbers of transplanted islets, the autonomic denervation of the grafts, 
or the abnormal anatomic location of the islets within the portal 

venous system. 

Some data has been presented relative to the fundamental 
question of whether islet transplantation can prevent the emergence or 
progression of the serious secondary complications of diabetes. 

Ziegler et al (88) have demonstrated normalization of elevated serum 
cholesterol and triglycerides in streptozotocin-diabetic rats following 
isografts. Mauer et aZ (57, 58) have shown that the early renal 
glomerular lesions in experimental diabetes in rats, consisting of 
histopathologic mesangial thickening plus immunohistochemical demon- 
strations of depositions of IgG, IgM, and complement within the 
mesangium, can be reversed, or their progression halted, by islet 
transplantation. However, it is debatable whether the morphologic 

and metabolic abnormalities in animals with chemically-induced 
hyperglycemia are the equivalent of human diabetic pathology. 

The transplantation immunology of isolated islets of Langerhans 
has also been investigated. From early work with whole pancreas homo 
transplants, histologic and functional evaluation of the islets 
suggested that they were relatively spared by the rejection process, 


giving rise to hopes that they might be an immunologically privileged 
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organ (75). However, as experience with non-immunosuppressed allogeneic 
pancreatic transplantation has accumulated, the islets have been shown 
to obey all the rules of transplantation immunology and their pattern 

of rejection is similar to that of the exocrine tissue with a mean 
survival time of 8-12 days (1, 41). Surprisingly, when isolated islets 
are transplanted across strong histoincompatibility barriers and their 
survival assessed by their ability to normalize glucose metabolism, 

they appear to undergo a very rapid first set rejection with a mean 
survival time of 1-3 days (71, 88). It is difficult to explain such a 
rapid loss of function of the grafts as being due to immunologic 

attack. These observations can probably be more appropriately explained 
from analysis of the pattern of glucose metabolism after isogeneic islet 
transplantation. Upon isografting, an abrupt decline in blood and 

urine glucose levels of 1-3 days duration occurs with a subsequent 
return to a more diabetic state followed by a gradual improvement in 
glucose homeostasis over approximately one week (50). The initial 
response is probably due to the passive release of insulin from damaged 
islets superimposed on disturbed feeding habits resulting from the 
operation while the more slowly evolving resolution of the diabetic 
state represents true physiologic function of the islets. In allogeneic 
transplantation, the transient apparent improvement in glucose regu- 
lation occurs but the permanent functional establishment of the islets 
over the next few days is interrupted by rejection phenomena occurring 
at the usual time. Attempts to prolong the survival of allografted 
islets with immunosuppressive agents have shown some benefit from 


azothioprine (2) and antilymphocyte serum (88) but the results to date 
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have been unspectacular. 

The answers to the questions of whether islet transplantation 
can favorably influence diabetic complications and whether prolonged 
survival and function of the grafts can be achieved must await 
transplantation into human diabetics. At least one clinical trial is 
currently in progress (64) but widespread implementation of islet 
transplantation must be considered to be premature and not condoned 
at this time (33,65). The major deterrant to human transplantation 
studies is the fact that immunosuppressive therapy would naturally be 
necessary. The side effects of the present methods of preventing 
rejection plus the high risk of infection in immunosuppressed diabetics 
are not safe alternatives to the current means of treatment in the 
majority of cases. 

It has perhaps been fortuitous that pancreatic and isolated 
islet transplantation have been difficult problems in that the 
precocious clinical introduction of such therapeutic means as occurred 
with other organs has been prevented. Now that human isolated islet 
transplantation is beginning to be employed the fundamental knowledge 


of the technique is extensive. 


C. Rationale for Research Project 

Should islet of Langerhans transplantation prove successful in 
preventing the evolution of the complications of diabetes mellitus, it 
would become a vitally important preventive health measure. Trans- 
plantation would be indicated not just in a small group of patients with 
advanced secondary lesions but perhaps in the entire population of 


diabetics. However, could such widespread application of this therapy 
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ever be possible? 

From the accumulated experience with kidney transplantation in 
the relatively small number of renal failure patients, it has become 
apparent that the availability of donor tissue is a major limiting 
factor in meeting the demands for transplantation (25, 66). The 
Shortage of organs is due to the limited number of suitable donors plus 
the appreciable percentage of harvested kidneys that must be discarded 
or fail to function after transplantation due to warm ischemic damage. 
The first problem can be dealt with only through expanded public 
relations programs in hope that public awareness will increase the 
number of organ donations. Continued scientific investigation can 
contribute to a more thorough understanding of the pathophysiology of 
warm ischemic injury and discover more effective methods by which it 
can be minimized. 

In human islet of Langerhans transplantation the short supply 
of donor tissue can be expected to strictly limit the number of 
patients to be treated. Islet transplantation requires their isolation 
using harvest procedures which to date have poor percentage yields. 

In contrast to renal transplantation where one donor can provide organs 
for the treatment of two patients, islet transplantation may require 
multiple donors per recipient. Also, as islets are situated in an 
unpaired organ, living donors, who have been a valuable source of 
kidneys for transplantation in some countries, will not be able to be 
used. If the number of donors and the percentage of islets isolated 
from each pancreas cannot be increased, then the maximum viability of 


tissue from all potential donors becomes a critical factor if islet 
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transplantation is going to be more than a rare occurrence. It is for 
this reason that efforts should be made to determine the period of 
ischemia that islets can tolerate while maintaining structural and 
functional integrity. 

There are several reasons why it would seem that the parameters 
established for the temporal course of warm ischemic injury in other 
transplantable organs, most notably the kidney (18, 87) and liver (27, 
30) cannot be applied directly to the islets of Langerhans. Islet 
function is not based on complex cellular organization as is present in 
the kidney where the tubular epithelium is most sensitive to ischemia 
(87). Islet transplantation does not require direct revascularization 
by surgical anastomoses with the resultant disturbed hemodynamics 
secondary to ischemic injury (59, 82). Also, islets do not manifest 
organ failure to the degree that occurs in the kidney foltowing other 
ischemic insults such as hypotension. Hypoinsulinism and hyperglycemia 
do occur during shock states but these changes are of multifactorial 
and as yet incompletely defined etiology (16, 22). It is postulated 
that the inappropriate reduction in serum insulin levels may be due to 
beta cell unresponsiveness secondary to hypoxia or inhibition of insulin 
release by the sympathetic nervous system response to stress. The 
hypoinsulinism occurs inspite of a reduced rate of insulin degradation 
(16). Whatever the cause, these alterations in the homeostatic 
mechanisms for glucose metabolism are only transient phenomena in 
those subjects who recover from shock (13). These idiosyncrasies would 
appear to justify the investigation of the effects of warm ischemia on 


the subsequent viability of islets of Langerhans for transplantation. 
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CHAPTER II 


MORPHOLOGY OF ISLETS OF LANGERHANS FOLLOWING 
EXPOSURE TO WARM ISCHEMIA 

To obtain a perspective of the temporal course of ischemic 
damage to islets, their morphologic integrity following progressively 
prolonged periods of exposure to warm ischemia tn situ was examined 
histologically and by electron microscopy. Any structural deterior- 
ation that could be observed during the study intervals was expected 
to be an indication of viability following ischemic insults and to 


provide a time reference on which to plan subsequent functional studies. 


A. Materials and Methods 

All specimens were obtained from non-fasted male Wistar rats 
weighing 300-350 grams. Control animals had pancreatic tissue removed 
under ether anesthesia. Individual study animals had tissue specimens 
collected at 1, 2, 4, 6, 12, or 24 hours after being sacrificed by over 
exposure to ether and kept at room temperature [22-26°C]. Two series 
of animals were studied, one by light microscopy and the other by 
electron microscopy, utilizing the following techniques. 
1. Histology 

Total pancreatectomy was performed and the entire specimen was 
immediately placed in Bouin's fluid [picric acid, saturated aqueous 
solution, 750 ml; 40% formaldehyde, 250 ml; and glacial acetic acid, 
50 ml] (76) for at least 6 hours to allow for tissue fixation. Blocks 


approximately 0.5 cm square were excised from the specimen, dehydrated 
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in a graded series of alcohol, and embedded in paraffin. Sections 
5-6 microns thick were cut on a microtome. These were stained with 
a modification (77) of Gomori's aldehyde fuchsin (34) which is 
Specific for the secretory granules of the beta cell component of the 
islets, and counterstained with metanil yellow (77). 
2. Electron Microscopy 

Each specimen consisted of ten 1x2x2mm [approx.] pieces of 
tissue sharply excised from random areas of the pancreas. These were 
transferred immediately to 3.5 ml 6.5% glutaraldehyde in 0.1M cacodylate 
buffer, pH 7.3, at 4°C and kept at 4°C for a minimum of 24 hours to 
allow for fixation of the tissue. They were then washed overnight 
in three changes of cacodylate buffer and post-fixed in osmium 
tetroxide (14) for two hours at 4°C. The tissue was dehydrated by 
rapid changes in graded alcohols followed by propylene oxide and was 
embedded in Epon 812 modified from Luft (53). Silver sections were 
cut on a Reichert OM-U2 Ultramicrotome equipped with a diamond knife 
and were placed on 400-mesh uncoated copper grids. Sections stained 
with uranyl acetate (80) followed by lead citrate (26) were viewed in 


a Siemens Elmiskop 1A electron microscope. 


B. Results 

A normal islet of Langerhans is shown in Figure 1. The beta 
cells, whose secretory granules stain deep purple with aldehyde 
fuchsin, comprise the majority of the endocrine cells of the rat islet. 
A few cells with unstained granules present at the periphery of the 
islet represent the non-beta [alpha, delta, or c] endocrine cells. 


Although unencapsulated, the islets are demarcated from the surrounding 
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FIGURE 1. Normal rat islet of Langerhans [400]. 


B - beta cell 
non-B - non-beta endocrine cell 


arrow - capillary 
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acinar tissue by a thin layer of reticular tissue (8). They possess a 
rich capillary supply to provide for rapid exchange of secretagogues 
and hormones. 

Islets subjected to 12 and 24 hours of warm ischemia in sttu 
are shown in Figures 2 and 3. Although rather prominent histologic 
processing artifacts are present, the overall architecture of the islets 
apparently was preserved. The beta cells appeared to have maintained 
their integrity and still contained abundant secretory granules. Nuclei 
were present within the cells but appeared pyknotic, although lack of 
chromatin staining made this difficult to confirm. Similar normal 
appearing structure of the islets with no definite evidence of 
irreversible cell damage was observed at all time intervals studied. 
Rather than employ more diverse histologic techniques to determine if 
any morphologic deterioration was occurring during the study period, 
electron microscopy was undertaken. 

The ultrastructural appearance of a normal rat islet of 
Langerhans (40, 69) is depicted in Plate I. The endocrine cell types 
are distinguishable by the charactersitic morphology of their secretory 
granules. The beta cells have granules of two types: those with an 
electron dense irregularly spherical core separated from its limiting 
membrane by a relatively wide zone of low density plus others containing 
pale amorphous granules within a more tightly fitting membrane. The 
alpha cell granules have a variable high density central core with a 
narrow medium density peripheral halo to which the limiting membrane 
is closely applied. The other intracellular organelles - notably the 


mitochondria, golgi apparatus, and endoplasmic reticulum - appeared 
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FIGURE 2. Rat islet - 12 hours warm ischemia [x400]. 


FIGURE 3. Rat islet - 24 hours warm ischemia [x400]. 


16 


' ry te) ie 
“ty a 
7, > 
a 
‘ 
tod 
t a4 . bd 
- 
* 
es 
ie 4 ' { 
a | 
‘ 
1, ‘ 
a ees 
' M 
7 ‘ o : +. D A “ 
a ° y \"- 9 ie ae y as 7 oh 7 
. P ilies De + ; a, , 
y : j : “ y * ; ats ch. iy nak a 
} = 
t — 
‘ Da 1 mY ‘ 
a * >; p . ‘--% bd : i 
hy ‘ : .* 5 4 AW a ; 
> 4 ‘ ‘= we 
t. ‘ 4 i?) ” 1) | eM 
: q iy ‘—- i & ‘ 
‘ Le ee | Fah Mass 
a) ) Mi 14 L) f } on | } t 
. é ed i | 4 Apia) 
* ay oy » © \ ah 
4 ; ’ : 
> .% 7 iG 1 
; ‘> a ane 
ei aot Wait 
f - Pes aby 5) Th re ‘ t 
cae : a ae 7 
; A ae a. nie i ah if f pte vie i ¥ 
1« + 
| gen He ‘ 
- ve 
i 


y ne. ; . ees £ 
} site oe rt 
| * re 


7 oe, 
ia 2 > & 
pei Thy f ay ce is ‘ 


v { : 


17 


ure =~, a> ae iia 
Lan a ae, ne a 


a ‘3 Wray } 
aw ae a ae é 
+f ra a iy x 4” 
~ ¢ i t of ; 4 
¥ 4 OP, ny 
q es y 
a — : > Py 
' “ a *s & 
s # 
¥ = Sef — 4 
> 
é, . -. - 
. sa 4 d 
, ¢ f “ets 
iy” a ee 
- \?, 7 a 
ee . 7 y 
a “ afi ty 
é ( 
Ta. y 
>» - & ‘ : 
a] ° all * ¥ 
i. 4 


f ~ ve 
Lat Ns ' an , ral ° hy 
a a. t » a a S f ‘ J 
; oa t + = % 5 iy : « 
fa : ir ‘ 4 - wl ve 
7 * * Rj rie “ ¥ | ; ' ib ‘s 4 
ts, , . ‘on > 7 
ore. ; “"“ « «’ a : ae { 
ul ’ 7 . =" 
yn a) age . 4 
té { a ‘ hi . “a + 
Ar ; bh a » « ¢ J 
’ ay Pe: ae e? 3 h& ~~ * 
~ } % ' ie ms e d Ee > ‘ 4 
5 ya @ . -_- ‘ > - | » 
; J tow Peay ¥y i, th ™ aa aK va ~ - j 
{ ft nD Oe Ma a , ol, 14 \ 26>) “Se ‘>. 
: : A wie Gk _ > et . 
eae an” av at's . Mfrs )* aa A” te A a) 
- “J ; flat S ty 4 oe by , wi .@ 71 ee { - : y “- © } oe ¢ 
. What eae ie ee ‘ 
oe Se 1 as LP | 
: = - i 4 we , 
’ . Site's Ma aA ohm a 
ay es yey ~ t a ee 
\ . a to ¢ef *, A ele ley 7 
; ‘ ra % ae } i 4 cv ‘. 
nd " ne a 
-- ] a ’ ¥ . 
. 2 } oy A * 7 4 4 4 %y ’ 
at 7 “i. = e 1 » 
¢ + ¥ 7 Rye ? 


/* f if Ae. 7 a * ’ 
 -_ aye Me ty \ ‘ 


bl le yf 4 ex a Me Tt 4 * é s ¥ 
j a. 0 - >. a <ar Fes: fete ie 


‘ 


PLATE I. Ultrastructure of rat islet of Langerhans, normal. [x11,000] 
A - alpha cell 
B - beta cell 
sg - secretory granules 
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quite normal in this preparation. The nuclear chromatin clumping was 
due to glutaraldehyde fixation (83). 

Following exposure to warm ischemia tn sttu, the ultrastructural 
appearances varied somewhat from cell to cell at each time interval. 
However, from the series of specimens studied, a sequence of events for 
the general population of endocrine cells could be described as follows. 

No islet tissue could be found in the tissue from the rat 
subject to one hour of ischemia. 

After two hours ischemia [Plate II] there was evidence of a 
moderate degree of cell injury (83). Some mitochondria were in a 
condensed de-energized phase while the majority demonstrated mild to 
moderate high amplitude swelling. There was widening of the less dense 
peripheral halos of the secretory granules, particularly in the beta 
cells; a mild degree of widening of the lamellae of the endoplasmic 
reticulum; and commencing swelling of the cytoplasmic ground substance, 
especially peripherally, giving the appearance of the organelles being 
concentrated toward the centre of the cells. These organelle and 
cytoplasmic changes indicate electrolyte and water shifts occurring due 
to disruption of membrane transport mechanisms secondary to diminishing 
intracellular energy sources, notably ATP (6, 83). Early nuclear 
chromatolysis had occurred. An occasional "dark cell" was also seen, 
suggesting dehydration of the cell secondary to injury. 

At four hours the demonstrated changes were similar to, but 
slightly more severe than, those observed after two hours. The main 
features were progressive dilation of the granules limiting membrane, 


making differentiation between cell types difficult, and further 
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PLATE II. Ultrastructure rat islet, two hours warm ischemia. [x9000] 
ER - endoplasmic reticulum 
M - mitochondrion 
heavy arrow - dark cell 
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swelling of the endoplasmic reticulum with vesicle formation [Plate III]. 

By six hours [Plate IV] progression of the above changes was 
associated with considerable swelling of the cellular ground substance 
and a greater degree of nuclear chromatolysis. More importantly, the 
disruption of both cell and organelle limiting membranes at that time 
can be accepted as the first definite indication that irreversible 
structural damage had occurred. 

After twelve hours of warm ischemia [Plate V] there was almost 
total disintegration of the ultrastructure of the islets, the only means 
of identifying them being the persistence of small numbers of secretory 
granules. The intercellular spaces contained large amounts of cellular 
debris. Numerous intracellular and occasional extracellular myelin 
figures were present. 

In view of the positive evidence of irreversible cel] damage at 
six hours and severe disruption of the islets at the subcellular level 


by twelve hours, the 24-hour specimens were not examined. 


C. Discussion 
The preservation of integrity of the ischemic islets of Langerhans 
observed with the resolving powers of the light microscope indicate that 
this was an insensitive technique, when compared with electron microscopy, 
for determining the morphologic end-point of cell survival. There were 
no varying parameters by which a time of irreversible injury could be 
determined. Therefore, histologic methods would seem to be of little 
value in studies assessing the viability of islets for transplantation. 
The ultrastructural changes demonstrated in islets exposed to 


warm ischemia are in no way unique to this organ. Similar alterations 


TTL stsf] noitemnct slofteevodttw mleoives see tqub o 8 
te noteaoyporg, (WE stef4]). en ' 
infedic taurere well loo Sat Fo err tlawe Slagrebtand st: 


iy 4 | 
eters Late hopepeis teetiun Fo 2978 


bean bed aa 
( mmaw 76 epuail oot . 
reomuuty 11 Walee eg oft pated naa? a 


> ROE “Hi v! Footstar 4 


eth Mevaw: na bog, wedyl Vacanagg ined 


hor imer4 Jon ots@“coent seme! Yori vag’ 2 


nisdrepiat YO atster ofmertoet ane Se Rhee ie moh s eve 
e ) 
‘“tezoriin nodsele Mw. davignea) vite cap May neti Te? yi /& 
siaw sient stevivws Wen Xo > aa fengbis aren 
oni 


of £41405 Voie (érarerevtt Ve: any ai iia 
| er bg 2 
oH S11 Fo’ 98 Gt wpse Linon perenii' » ea a 


sisothat esqessovulw ie?) nid r. aeey 0 univioew et 
i. 


4 


-Aehtutishgeqeys Net uae ellie: 
ag betoqce aaatet ng bis | 


eat at 7 efinie a 


hi mee 
pes) nge4 i mes) 
“tl, m co a oe 
ae et. hd 
ws fon 


rr. 


> ae x a 


PLATE III. Ultrastructure rat islet, four hours warm ischemia. [x9000] 


ER - endoplasmic reticulum 
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PLATE IV. Ultrastructure rat islet, six hours warm ischemia. [x9000] 
EX - exocrine cell 
PM - plasma membrane 
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PLATE V. Ultrastructure rat islet, twelve hours warm ischemia. [9000] 


sg - secretory granules 
mf - myelin figures 

IS - intercellular space 
EX - exocrine cell 
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occur in all cells subject to ischemic injury and during autolysis. 

The significance of the progression to irreversible damage observed in 
this study is the time sequence determined. That is, structural damage 
suggestive of cell death had occurred following six hours of exposure to 
warm ischemia, beyond which time progression to complete ultrastructural 
disorganization ensued. Therefore, by morphologic criteria, the maximum 
time interval during which islets of Langerhans can be harvested from 
post-mortem donors and be expected to retain potential viability is less 
than six hours. However, as lethal functional impairment usually has 
occurred prior to irreversible structural changes, the time criteria 

for viability of cadaver islets established by this phase of investigation 
may be too generous. 

Similar ultrastructural studies of cellular degeneration during 
ischemia and autolysis have been reported for other transplantable organs, 
notably liver and kidney. 

Bassi and Bernelli-Zazzera (5) studied morphologic deterioration 
and its reversibility in hepatocytes of rats subjected to up to 120 
minutes of interruption of vascular supply plus following a two-hour 
recovery period of reperfusion. They noted early [15 minute] degeneration 
of the plasma membrane adjacent to the space of Disse, which they 
attributed to the lack of a buttressing effect of adjacent cells, assoc- 
jated with a large flux of plasma into the cells. Extensive disruption 
of the plasma membrane around the remainder of the cell was visualized 
at 120 minutes. Swelling of mitochondria and endoplasmic reticulum 
present at 30 minutes had progressed by 120 minutes to pronounced mito- 


chondrial swelling and severe vesiculation and fragmentation of the 


rovfosus ontinh beg vive? atmarteet of tosheite 


4). ee 
nt ro spench e (Chemie of notees hee Saat te om 
, , A A ‘i 
ag P AY \herte@teh sonaupme vind fh. 2 


iW xic pHbWet tos Haris 


eaqion yd  svoreranl  bevante 


ry oo . & Ty gptke & 3° TO- 25612 fF Or 
a: pt -) ae : P 
¥e ; ay 4 3 vo. “ah Bi } Dae. 


: ‘ . ae ‘ 
trHgMaT  BVOTISAGT lanier 26 * ore rs 
‘ : a 


it , zepmero fewwrourte: ofdiiege in a3 i ng | 


onion 


ii? yd betetiosias eoata? vavobso Yo: eH hse 
a 


: wes 
= 


—— 
b-vé(uT 99 \Fe-dethets Hat itjvertesve iy vel 


i gzistt mio bat get Nos - sve 4 aregtorun! bn 
soni a mee ‘i ne i" 

" Bi ,, 

TOS A ig iotaven’ babiete 2) oti ae ile Ne 
req t Laue) sa FD MINORS re lee’ wrt rae A 
iorf-ons 8 priwotlot wiiqn efadue “vetab aay to nope to ges | 
| La 2 SS 
b (otucin 2}. y men baton gent sare ogy to ta My 
> 


Z aya 


(ant bvtviw’, oat Fo. eiege end od sneigles =n 
: . : b ene 
mas. 8fis fi anaths WW. \e geiaroisnd in: Sali 


‘ ce 7 y ; 
wieth wvraageed, relies anit. aon evel. Fe uit) spas gon: 


ae 
WAG) Laney ey [ise als +e er othe. ov 


— 


meh Bie 


bal ; 
5 


moiwatier > ites Pepabines bas oh 


~ot in DSoOAHONO TG of 2$ducaim 


ye to wo) Petrone is 
v oe © 
f > of ‘ - = 
2) Cole ellie 
: ~ 4, F nA, 

1 Ree ee 


A eh 
sty bers 


> 
1 peer 


a 
a v ; ; 
‘ i 
A : 


7 


30 


endoplasmic reticulum. The ischemic changes were less marked in fed 
animals with adequate hepatic glycogen stores in contrast to fasted 
Subjects. Reperfusion of the cells for two hours reversed the 
structural alterations occurring with up to 60 minutes of ischemia but 
not those induced by 120 minutes, those cells going on to necrosis with 
the exception of some in the non-fasted animals. 

Studying cadaver pig livers left zn sttu following sacrifice, 
Slagel and Eiseman (78) noted mitochondrial swelling, vesiculation of the 
endoplasmic reticulum, and occasional ruptures of the cell membranes 
adjacent to the space of Disse within 30 minutes. Mitochondrial membrane 
rupture, complete disorganization of the endoplasmic reticulum, and 
ruptures throughout the cell membrane were observed at one hour. They 
proposed that the structural disintegration correlated well with 
previously demonstrated reductions in metabolic activity [ATP generation, 
O,-uptake, ammonium clearance, and bromsulphalein clearance] of a 
moderate degree at 30 minutes and severe at 60 minutes of ischemia (84). 

Studies of renal ultrastructure during ischemia are complex due 
to the variable resistance of different components of the nephron to 
ischemia, most notably the sensitivity of the proximal convoluted tubule. 
Cook. et aZ (20) and Latta et aZ (49) examined the entire nephron under- 
going tn vitro autolysis and confirmed that the degenerative changes were 
manifest most rapidly in the proximal convoluted tubule. The earliest 
abnormality [20 minutes] was swelling of the microvilli at the free brush 
border of the cell. By four hours dramatic changes of generalized 
swelling and obliteration of microvilli, cytoplasmic swelling, fragmen- 


tation and vesiculation of endoplasmic reticulum, mitochondrial swelling 
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and fragmentation, and nuclear shrinkage were observed. Beyond four 
hours there was progressive loss of the limiting membranes of the 

cell, some endoplasmic reticulum, and mitochondria. Similar morphologic 
deterioration developed more slowly throughout the remainder of the 
tubules and glomerulus. 

Okada (67) demonstrated alterations in the proximal tubule cells 
of rats after two hours of renal pedicle clamping. The notable changes 
were marked distortion and swelling of the microvilli of the brush 
border and swelling of the mitochondria. These structural changes 
reversed slowly over approximately one month following resumption of 
circulation. 

From these studies, it is apparent that ultrastructural 
deterioration occurs rapidly in hepatocytes subject to ischemia, 
irreversible destruction of cell and organelle morphology having occurred 
following periods of ischemia in excess of one hour. The morphologic 
changes described in the renal nephron in in vitro autolysis studies 
are more difficult to interpret due to the variable degree to which 
different levels of the nephron are affected with time but indicate that 
extensive and probably irreversible structural damage has occurred by 
four hours. Therefore, the less than six-hour time interval during 
which limiting membranes are maintained in islets of Langerhans subject 
to warm ischemia is considerably longer than in hepatocytes and perhaps 


longer than at least the proximal convoluted tubule cells of the kidney. 
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CHAPTER ITI 


IN VITRO FUNCTION OF ISLETS OF LANGERHANS 
SUBJECTED TO WARM ISCHEMIA 
The objective of the second phase of investigation was to 
establish a relationship between the duration of exposure to warm 
ischemia <n sttu and the impairment of tn vitro function of islets of 
Langerhans isolated as for transplantation. This result would be an 


indication of their viability following such an insult. 


A. Rationale for In Vitro Research Model 

The specialized function of the beta cell component of the islets 
of Langerhans is to synthesize and secrete insulin to meet the body's 
homeostatic requirements, particularly for glucose metabolism. 
Evaluation of the insulin secretory response following exposure to 
insulinotropic agents is therefore a means of assessing the metabolism 
of the beta cell. From studies directed towards elucidating the mechanisms 
of insulin secretion, an in vitro method of investigating this response, 
a "perifusion" system, was devised. 

This perifusion method was first applied to isolated islet 
preparations by Lacy et aZ in 1972 (48). The islets are placed on a 
5 micron pore size filter paper within a small filtration chamber through 
which a balanced salt solution with added albumin and glucose is 
continuously passed at a flow rate of approximately one millilter per 
minute. An initial stabilization period of at least 30 minutes of 


exposure to low glucose concentration [30 mg percent] allows insulin 
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release to diminish to baseline levels. To stimulate insulin secretion, 
the glucose concentration of the perifusate fluid is changed to 

300 mg percent. Samples of the effluent fluid are collected at 
appropriate time intervals during perifusion and the amount of insulin 
secreted is determined by radioimmunoassay. Typically, normal islets 
secrete insulin in a biphasic pattern upon stimulation with elevated 
glucose concentrations. The early peak of release is thought to arise 
from a small rapidly mobilized insulin pool and is followed by a more 
prolonged phasein which the elevated rate of insulin secretion is from 
less labile stores and newly initiated synthesis. This response pattern 
is similar to the changes in serum insulin concentration following 
glucose stimulation in normal subjects in vivo (15). The technique has 
been used to investigate the dynamics of insulin secretion and the 
effects of various pharmacologic agents on this process. 

The in vitro perifusion technique was considered to be a suitable 
model for attempting to temporally define the deleterious effects of 
warm ischemia upon islets of Langerhans integrity. The basis for this 
decision was that the parameter to be observed - insulin secretion - 
is an active cell process requiring intact metabolic pathways and there- 
fore is an index of viability of the islets" beta cell population. 

A model for the mechanism of insulin secretion [Fig. 4] was 
reviewed by Malaisse in 1975 (53). For insulin secretion to occur 
following glucose stimulation, glucose must be metabolized to generate 
ATP and perhaps be transformed into an intermediary metabolite which 
initiates insulin release. Blocking the phosphorylation of glucose 


by mannoheptulose administration inhibits insulin secretion (21, 55) 
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FIGURE 4. Mechanism of insulin secretion from beta cell. 
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but the metabolic pathway involved has not yet been determined. The 
ATP generated provides the energy requirements whereby calcium ions are 
accumulated within the cytosol through increased influx via a sodium- 
dependent pump mechanism plus inhibition of their efflux (54). These 
ions serve an intermediary function by inducing conformational changes 
in cell membrane-associated microtubular structures to which are 
attached insulin-containing granules (46). The secretory granules are 
thereby propelled to the cell surface and their insulin content released 
by emiocytosis (45, 68). The initial rapid phase of insulin secretion 
is accounted for by granules previously associated with the microtubules 
while the second phase represents granules free in the cytoplasm 
becoming attached to and secreted by the system (45). This glucose- 
sensitive pathway of insulin release is under the modulating effect on 
another active metabolic process - the cyclic AMP system (9, 62). 
Accumulation of cyclic AMP within beta cells, either by its increased 
rate of formation from ATP via adenyl cyclase or inhibition of its 
phosphodiesterase-mediated degradation, potentiates glucose stimulated 
insulin secretion. It is proposed that cyclic AMP causes an intra- 
cellular shift of calcium ions from within vacuoles to the cytosol, 
augmenting the stimulus-secretion coupling mechanisms for glucose. 
Disruption of these sophisticated energy-requiring processes by the 
pathophysiologic consequences of ischemia will impair the ability to 
secrete insulin. Such damage will be detectable in the secretory 


responses demonstrated by perifusion of isolated islets. 
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B. Materials and Methods 
All experiments used nonfasted adult male Wistar rats. The 


following groups were studied: 


Experimental Group Number of Experiments 
Control . 10 
1/2 hour Ischemia 10 
1 hour Ischemia 10 


The control group represents those animals in which the 
harvesting procedure was begun with the animals alive under ether 
anesthesia. The islets from these animals would be expected to have 
the optimum insulin-secretory potential to which all others may be 
compared. The animals in the ischemic study groups were sacrificed 
by an overexposure to ether and left at room temperature [22-26°C] 


for the desired time interval. 


1. Isolation of Islets of Langerhans 

The islets were harvested using a modification of the method 
of Lacy and Kostianovsky (47). 

After shaving the animal's abdomen, a generous midline laparotomy 
incision was performed. The duodenum was mobilized to facilitate 
visualization of the course of the common bile duct. At the point where 
it enters the duodenal wall, the common bile duct was ligated with a 
4-0 silk suture, one end of which was left long for traction. The 
superior portion of the common bile duct was then exposed just below the 
juncture of the hepatic ducts and, using blunt dissection, was 


skeletonized for approximately 0.5 cm. Just inferior to this region, 
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a 4-0 silk ligature was placed around the duct and tied loosely. Using 
fine scissors, the exposed duct was incised through approximately one- 
half of its diameter and a tapered polyethylene cannula of P.E. 10 
calibre was introduced into the duct via this incision and secured in 
place by finishing the knot in the previously placed suture. Using a 

5 ml disposable syringe, Hank's balanced salt solution [HBSS] at 4°C 
was injected through the cannula to distend the pancreas and disrupt 
the acinar tissue. The injection was continued until leakage of the 
solution through a rent in the pancreatic capsule occurred, usually after 
15 to 20 ml of HBSS had been injected. The entire distended pancreas 
was then quickly excised and placed in a petri dish on ice containing 
30 ml of HBSS. 

The pancreas was rapidly minced with sharp scissors into 
fragments 1 to 3 mm in diameter. The tissue and solution were trans- 
ferred to a 50 ml conical centrifuge tube on ice and allowed to stand 
2 minutes to allow for sedimentation of the fragments. The supernatant 
was removed by suction and the tissue was washed twice with 30 ml 
volumes of cold HBSS, allowing 2 minutes for sedimentation of the 
tissue on each occasion. Following the final wash, there would always 
be 2.5 to 4.0 ml of minced pancreatic tissue. One millilitre of the 
final supernatant was left in the tube with the tissue and to it was 
added 16 mg of collagenase [Type 1, Sigma]. The tube and its contents 
were then transferred to a 37°C waterbath and agitated vigorously by 
hand to accomplish digestion of the acinar tissue from the islets of 
Langerhans. This digestion was continued until, by visual inspection, 


all the tissue fragments had been disrupted. This required approx- 
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imately 18 minutes of digestion for the freshly harvested control group 
and 2 to 3 minutes less for the ischemic tissue, suggesting some 

degree of autolysis in the latter. The digestion process was terminated. 
by adding 40 ml cold HBSS to the tube and returning it to an ice bucket. 
This was followed by a 4-minute wait to allow the suspended tissue to 
sediment, following which the supernatant was aspirated off. The tissue 
was resuspended in 10 ml cold HBSS and heeanten into a 15 ml conical- 
bottom centrifuge tube and again allowed to settle for 4 minutes. The 
Supernatant was then removed as completely as possible by suction, 
leaving approximately 1 ml of finely digested tissue. 

This tissue digest contains isolated islets plus contaminating 
acinar tissue which can be separated by discontinuous density gradient 
centrifugation. Clinical grade Dextran [Appendix II] of average 
molecular weight of 170,000 was dissolved in HBSS in concentrations of 
BUC eco. 15, and 10% and refrigerated at 4°C. The digested tissue was 
thoroughly resuspended in sufficient quantity of the 30% Dextran 
solution to make a volume of 5 ml. On top of this was layered 2 ml 
volumes of the other Dextran solutions in order of decreasing concen- 
tration. Centrifugation was performed at 800 g for 15 minutes. 
Inspection of the gradient after centrifugation revealed variable numbers 
of islets of Langerhans visible as small white specks at the interface 
of the 10 and 18% Dextran solutions with a greater number at the 18/24% 
interface. The preparation was usually contaminated with a few small 
lymph nodes at the 10/18% interface plus small amounts of ductal 
elements and acinar tissue at the 18/24% interface. These isolated 


islets could then be transferred to the perifusion apparatus described 
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below. This harvest procedure required approximately 90 minutes. 


2. Perifusion of Isolated Islets of Langerhans 

Perifusion of isolated islets of Langerhans was performed using 
a technique similar to that of Lacy et aZ (48). 

The major component of the apparatus [Fig. 5] was a reusable 
plastic millipore filter chamber [Gelman] into which the isolated islets 
could be placed. The filter papers used were 24 mm in diameter with 
a pore size of 5 microns. To the outlet aperture of the chamber was 
attached to a 55.cm length of Silastic tubing [Dow Corning] of 2 mm 
internal diameter which was secured in a peristaltic pump calibrated to 
convey - 1 ml of solution per minute. To the inlet was attached a 30 cm 
length of the same tubing to aspirate the perifusion fluids into the 
system. The volume of this system was approximately 3 ml and therefore 
a 3 minute interval was required for a change in the perifusion solution 
to reach the sampling site at the end of the outlet tube. 

Two perifusion solutions were employed. The first consisted of 
HBSS without glucose to which bovine albumin fraction V [Sigma] 500 mg 
per 100 ml and D-glucose 30 mg per 100 ml were added. This solution was 
utilized during the first 40 minutes of perifusion to allow stabilization 
of the islet beta cells at 37°C with no stimulus for insulin release. 

At 40 minutes, the intake tubing was transferred to the second solution 
containing the same salt solution with the same concentration of albumin 
but having a D-glucose concentration of 300 mg per 100 ml. to provide a 
stimulus for insulin secretion. These perifusion solutions were 
maintained at 37°C in a waterbath. Their initial pH was adjusted to 


7.35-7.40 with bicarbonate and, since they tended to become alkalotic, 


-essunin 02 vistamt ttiqes. fet upay vitae. na 
: i 


—- > #ofel pavotoet§ 
epg rre etetaft botatoz? to | a | 


(D5) Sis en yodd Yo tend a2 ett 
‘ a 
Losp]u abe! (she ABTS diss 9453 vi Snetiogma’ 4 waiceg wal 
Me Ey: Th 
“a. be 
foe) ond doth oi taeeated) vedearis va ttY a: nthe i a1 
Z 
“2d ; 


+? 


i! fh ai on 4S) O¥oprebagy zveqsq (ar itt ‘ait a 
| ( 
ines FSi Juo off oF annie 
‘ , , ri 


i)" ohdpd cabs2etf2 Fo ene! mo. — rt 


feo snug 27 thsahrag 8 nr Sovepe 2 2a hot dw Tse ie 
si A aah : aS ; 
6 ban | Teh ee: ver: yt pm x30 nstsatoe Ye fa 4 


TENS SHS, eta tiqas ed owigus oms2. ere 
SX 


| 
a] - rte ‘oul mate ye ~~ Re -tey) 


aga 


’ oO 6 

’ dud ds (du eat bna cal a ae ici 

4 Dene DP. 6! 

rane io as eNO) a8 IFB¥ PROT a 62 ine ; 
7 . ne a | 

- 


- ] / A ine 
C bompid) cio Fblb na eg i te or] a 


: oye i 
| AY «wolf: aaah 16h loath q pr J aneaglad be 
7 . fl i oe ise a on 


; we 


hie! 


_ 
’ 


Stlidee wolf. ot Aol; itty ra 442 Srebin oF toyi® 

F - a 

2 NL: ‘ iT fary (Ot Ma basa on ast Tee 
NOL FUI OE BHOISS oF OF peer em git dd 


5 


6 ‘thivorg og tnt GOT haath af. 
| a sll MF] oe 
| a ida cotta Hef 
“oto ste: sagas 03 ‘shia oe ‘ia 


wo Wig n : eer e% - 
a =. ae +, Ts , ob ¥ 7 
vu aa a Ee es ie 


4] 


i = oe 
— 
> ‘ 
2 
on 
- . 
- oS 
> 
* cer 
= 
- 


=> 


notewtined - S 


102 
*) 


¢ 


FIV 


FIGURE 5. 


Perifusion apparatus. 
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the pH was maintained at 7.35-7.45 by bubbling a 95% air-5% CO. mixture 
through the solution. The pH was monitored intermittently with a 
Fisher Accumet pH meter and the flow rate of the gas mixture adjusted 
accordingly. 

For each study, isolated islets from two of the experimental 
groups were perifused in parallel. To place the islets on the millipore 
filters the inlet tubing was removed and a glass 10 ml syringe inserted 
in the intake. Using a large bore pipette, the islets in Dextran from 
the harvest procedure were transferred to the syringe. Three 10 ml 
volumes of HBSS without glucose at 4°C were syringed through the filter 
and outlet tubing to flush the islets onto the filter, wash away the 
Dextran, and remove all air from the system. The intake tubing was 
filled with HBSS without glucose and returned to its proper position on 
the filter with its free end in the first perifusion fluid. The islet 
holding filter was submerged in the 37°C waterbath and perifusion was 
begun, 

An aliquot of the first perifusion solution was taken directly 
from the flask to determine background insulin concentration in the 
solutions. Samples of the perifusion fluid from the outlet tubing were 
collected according to a previously determined time sequence [see footnote] 
to demonstrate the insulin secretory response over a total perifusion 
period of 2 hours and 25 minutes as shown in Fig. 6. Three samples 
collected during perifusion with the first solution were intended to 
determine the baseline rate of unstimulated insulin secretion. As noted 
above, the first sampling after changing to the second perifusion 


solution was delayed for 3 minutes to compensate for the dead space 
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FIGURE 6. Sampling sequence during tn vitro perifusion of islets. 
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within the system. Samples were then collected for 2 minutes each at 
closely spaced intervals during the early post-stimulation period to 
attempt to demonstrate increased insulin secretion rates as early as 
poeerbre: During the later more stable stages of insulin secretion, 
samples were collected for 5 minute periods at more widely spaced 
intervals. A total of 18 samples were obtained for each perifusion 
experiment. All samples were collected on ice in 6 ml polystyrene tubes 
and immediately frozen for subsequent insulin assay. 

Following the termination of perifusion, the filters were removed 
from the chambers and flooded with a 1% solution of Neutral Red in 
HBSS. After 10 minutes, the excess stain was washed off with HBSS and 
the individual islets of Langerhans could be counted under a dissecting 
microscope at 15 times magnification. The individual islets are 
distinguishable as distinct, globular, intensely red stained bodies in 
contrast to the irregular shaped less deeply stained acinar tissue and 
the tubular ductal elements. Counting was performed independently by 
two persons and the results were averaged and brought to the nearest 


multiple of 5. 


3. Insulin Assay 

The amounts of insulin in the samples from the perifusion 
experiments were determined by a modification of the radioimmunoassay 
technique of Hales and Randle (35) utilizing the reagents and minor 
modifications of the protocol of the Schwarz/Mann Insulin Radioimmuno- 
assay Kit. 

The principle of this technique is that insulin antibody may be 


pre-precipitated with anti-gamma globulin serum while retaining its 
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ability to react with insulin. This allows for separation of antibody- 
bound insulin from free insulin by centrifugation which can precipitate 
the complex. By incubating an unknown sample and a known quantity of 
1125_]abelled insulin with a limited number of specific antibody binding 
sites, a competitive reaction occurs. The level of radioactivity 
[labelled insulin] present in the antigen-antibody complex isolated 
following the incubation is inversely related to the concentration of 
insulin in the unknown sample. The actual concentration of insulin in 
the unknown is determined by comparing its specific radioactivity to a 
standard curve prepared by adding various known levels of unlabelled 
insulin to the appropriate quantities of labelled insulin and antibody 
binding sites. 
The reagents used in the assay were: 
(a) unknown samples 
(b) human insulin standard at a concentration of 200 wU/ml 
(c) I!25 labelled porcine insulin at a concentration of 1.25 
ng/ml, labelled with .125 pCi 1125 
(d) insulin binding reagent which is porcine insulin antiserum 
raised in guinea pigs and precipitated with anti-guinea pig 
serum from rabbits 
(e) 0.04 M phosphate buffer with bovine albumin fraction V 
[Sigma] 500 mg per 100 ml. 


The assay was performed in 12x75 mm polystyrene tubes to which 
the reagents have shown no binding affinity. All aliquoting of reagents 
was. performed with the Oxford Sampler Micropipetting system. 


There were three steps in the assay: 


Tes hn 
vi 4 
} ( AP om 


, Ja . q q 
a anol i atv? wre way nite ’ 


pene 
ww as fi 
ineo aati. crag ieee ed ai tuent 9078 me 
ot 
1 he oh cain tonbensbens ns partedugak: 


id | oftiweco to mina badly s Adtw nt fue 
| < P i) . 
Glbe Yo (howe al _ 4 veae watts sya ye 

j en 


sat etait ts sb doortte EA 
P ; 
yf of feteloy ylariewhrr 2 not eacyaite anh 


j te. ; we ‘ ; 
rfyznr TO (OMRISRS I LANs. ST . .eeeiee ewe? APS oct at 1a ; 
j » : 


is » 4 i Dies tii ghieye a5 Ke renin 2 Tt ona 
— re 

ae 

ho 2eaval mle RveTyEy’ B bby: re) bananeng | 


Ayart beh as td) adit Are $8 brine nase 


VaW WA 


‘7! eae | 1G t 
% ; ia © PAMGAT 2h 
i ig he a ¢ bl 
2 i ; mm 21 now Be 


i ae ey \ ’ py ihe, oa D 1 ted Farry DE eye 4 at 
‘ ys 


Ne 
¥ noriue’y “?eethe ot a dab Ma! we og ay nai 
~ i oe wm 


‘ as ‘ 


aa os. godys vee of arin 
ssoyes? *. A a ho 
ry . al 


1) 


Le) 
— 


48 


The initial stage combined unlabelled human insulin standard 
or unknown samples with the binding reagent and an appropriate 
amount of phosphate buffer to make the volume of the reaction 
mixture approximately 200 ul. The volumes added are shown in 
Table I. Tube 1 determined the background radioactivity of 
this system. Tubes 2 through 9 were for constructing a 
standard curve and were performed in triplicate. Tube 10 
represents the unknown samples from perifusion which were 
performed in duplicate. Each assay involved 200 tubes 
consisting of 4 background, 24 standards, and 172 unknowns. 
These reaction mixtures were incubated for 6 hours at 4°C as 
a short preincubation period before adding labelled insulin 
has been shown to increase the sensitivity of the assay. 
Following the 6-hour incubation, 100 ul of I!2° labelled 
porcine insulin was added to each tube. The tubes were then 
placed in a refrigerated Packard Gamma Scintillation Spectro- 
meter, model 578, at 4°C for a further incubation period of 
18 hours and duplicate counting of each tube to obtain 

"Total Counts Per Minute [CPM]" for each sample. 

After 18 hours, | ml of phosphate buffer was added to each 
tube and agitated with a vortex mixer. Centrifugation at 
4500 g for 20 minutes at 4°C in a Servall RC-2 refrigerated 
centrifuge was used to precipitate the antigen-antibody 
complexes. The supernatant was decanted gently and discarded. 
The tubes were returned to the gamma spectrometer and counted 


three times to obtain "Residual CPM". 
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Insulin Insulin Binding Phosphate 
Tube Content Unknown Standard Reagent Buffer 


No. (aU) (ul) (u1) (1) (ul) 
] 0 ~ - ~ 200 
2 Trace - - 100 100 
3 0.4 ~ fs 100 100 
4 1.0 - 5 100 100 
7 2.0 ~ 10 100 100 
6 3:0 - TO 100 100 
if 520 - 25 100 100 
8 10,0 - 50 100 50 
9 (4 Vind ~ 100 100 ~ 

10 Unknown a - 100 100 


TABLE 1: Volumes of reagents combined during first step of 


insulin radioimmunoassay. 
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At the completion of these three steps, Total and Residual CPM 
values were known for each tube. The Residual CPM for tube 1 represents 
the background radioactivity of the assay and the average result of the 
four samples was subtracted from both the Total and Residual CPM values 
of each of the other tubes to obtain "Corrected" CPM values. For each 
tube, the percentage of labelled insulin fixed to the binding reagent 
was calculated by dividing the Corrected Residual CPM by the Corrected 
Total CPM and multiplying by 100. That is: 


Corrected Residual CPM 


Corrected Total CPM ~ 100 


Percent Bound = 


To construct the standard curve, the percent bound was plotted against 
the known standard insulin values [pU/tube] for the triplicate samples 
of tubes 2 to 9 on semilogarithmic graph paper with pU/tube as the log 
function. 

From the percent bound values calculated for the unknown 
samples, tube 10, the amount of insulin [yU/tube] in each could be read 
from the standard curve. Having added 25 ul, which is 1/40 ml, of 
unknown sample to each tube, multiplying the wU/tube value by 40 
calculated the insulin concentration [yU/ml]. The final concentration 
value for each unknown was an average of the duplicate assay performed 


for each. 


4, Interpretation of Results 

The experimental procedures outlined give four basic results for 
each perifusion experiment: 

a) the number of islets of Langerhans 


b) the flow rate of the perifusion system 
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c) the background insulin concentration in the perifusion 
solutions 
d) the insulin concentration in the effluent perifusion fluid 
samples collected at specific time intervals. 
From these values, a common basis for analysis of the experi- 
ments can be reached by calculating the "Insulin Secretion per Islet 


per Minute" at each sampling time using the formula: 


Insulin secrection (pU/islet/min) = 


[Total insulin conc. - Background insulin conc. (yU/m1)] x Flow rate (ml/min) 
Number of Islets 


A qualitative impression of the insulin secretion response can 
be gained by graphically displaying the perifusion response with the 
insulin secretion values plotted on the ordinate versus sample time on 
the abscissa. This can be done both for individual experiments and for 
the mean secretion values of each experimental group. 

Statistical analysis of the results can be approached in two 
ways: 

a) The mean and standard error values for insulin secretion at 
each sampling period for each experimental group can be 
determined and statistical comparison between groups for 
each sampling period can be performed using the unpaired 
Student's t-test. This method determines differences in 
magnitude of the insulin secretory response on a temporal 
basis. 

b) By calculating the area beneath the curve of the insulin 


secretory response graph following glucose stimulation, 
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"Total Insulin Secretion per Islet" can be calculated for 
each experiment. This determination involves summation of 
calculations of insulin secretion between successive sampling 


times using the formula: 


Total insulin secretion (yU/islet) = 


n+] 


Insulin secretion time”+time (uU/islet/min) 


2 


] 


2 [time™ - time” (min)] 


The sample time was considered to be that at which the 
collection was completed. For each experimental group, 

mean and standard error values of total insulin secretion can 
be determined and groups compared by the unpaired Student's 
t-test, achieving a comparison based solely on the magnitude 


of the response. 


Footnote: 
Sampling Sequence During Pertfuston 


In order to demonstrate the biphasic nature of the insulin 
secretory response during perifusion samples must be collected at frequent 
intervals, resulting in such a large number of samples that each experi- 
ment is very costly due to the expense of insulin radioimmunoassay. 
Furthermore, a degree of variability in the first phase of secretion often 
results in it being obscured when the mean secretion values of several 
experiments are calculated. Therefore, as the tm vitro studies of islet 
insulin secretion following ischemia were primarily interested in the 
presence and degree of the secretory response rather than its dynamics, 
the number of samples taken was limited to that which would adequately 


display the overall secretory response but not its biphasic nature. 
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C. Results 

The original experimental design was to demonstrate the insulin 
secretory capability of islets of Langerhans harvested from animals 
exposed to increasingly prolonged warm ischemic intervals, if necessary 
for up to several hours, until a time was reached when no secretory 
response occurred. Such a time would be assumed to correlate with the 
end-point of viability of the islets for transplantation. The initial 
experiments therefore undertook to isolate and perifuse islets from 
animals subjected to 0 [control], 1/2, 1, 2, and 3 hours of warm ischemia. 

It became apparent that with increasing ischemia fewer islets 
were being isolated and that beyond 1 hour no appreciable numbers of 
islets could be harvested. It therefore became important to quantify 
how many islets could be isolated from control and ischemic animals. 
In the perifusion experiments, a range for number of islets perifused 
of 30 to 200 had been chosen so as to have enough islets to produce 
detectable amounts of insulin but not so many as to exceed the upper 
limit of the insulin assay. If by visual inspection there had appeared 
to be a large number of islets in the Dextran gradient, not all were 
transferred to the perifusion apparatus and the final count did not 
represent the total number of islets isolated from each animal. There- 
fore a second series of experiments was carried out in which islets 
were harvested from groups of 10 animals exposed to 0, 1/2, 1, and 2 
hours of warm ischemia and immediately counted. The number of islets 
isolated after 0, 1/2, and 1 hour are shown in Table 2 and Figure 7. 

The differences in yield at each successively prolonged period 


of ischemia showed a statistically significant decrement in the number 
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Ischemic Interval Number of Islets 
0 (Control) 283429 
apa. U0le 
1/2 hour 147417 p<0.001 
~ p<0.001—~ 
1 hour 6247 — 


TABLE 2: Number of islets isolated from control and ischemic 


animals. 


Values are Meant] Standard Error. 
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FIGURE 7. Number of islets isolated from control and ischemic 


animals. 
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of islets that could be recovered. Following 2 hours of ischemia, 
there was no visual evidence of islet tissue at the appropriate 
interfaces in the Dextran density gradient. When these layers were 
transferred to the filter paper and stained, the few objects which due 
to their structural appearances may have been isolated islets often 
stained poorly, making their positive identification difficult. In 
most instances there were less than 10 structures which could be 
tentatively identified as islets. Modifications of several aspects of 
the isolation procedure - collagenase concentration, digestion time, 
concentration of Dextran solutions in the density gradient - did not 
improve the harvest yield from additional animals subjected to 2 hours 
of warm ischemia. Therefore, perifusion studies were limited to 

0, 1/2, and 1 hour of ischemia. 

The in vitro insulin secretory responses of islets from the 
experimental groups during perifusion are tabulated in Table 3 and 
displayed graphically in Figure 8. The control group began to increase 
their rate of insulin secretion within 7 minutes of being challenged with 
the high glucose concentration and developed a rapid rise in rate until 
at the time of terminating perifusion a plateau of secretion at 
neg wU/islet/min was being approached, which was greater than 4 times 
the baseline level of 0.53. Insulin release from ischemic islets 
continued to decline towards the baseline following glucose stimulation 
for 12 minutes in the 1/2 hour group and 20 minutes in the 1 hour group, 
Suggesting that perhaps a longer stabilization period of approximately 
1 hour would have been useful in establishing a more definite baseline 


secretory rate. The 1/2 hour group then began a definite insulin 
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Sample No. Control 1/2 hr Ischemia 1 hr Ischemia 


2 1.5340.31  -'1.07#0.35 1.33#0.19 
3 Deore eI me TeObE 0427 1.51#0.23 
4 0.5640.08  0.830.25 0.94£0.11 
5 0.5340.07 0.5140.13 0.710.10 
6 0.6240.10 0.46+0.12 0.56#0.07 
7 0,620.09  —:0.40+0.10 0.470.05 
8 0.66¢0.10 0.30+0.05 0.50+0.08 
9 Oviecal2, | 093740.07 0.44+0.06 

10 0.9%0.15  0.40#0.04 0.3740.04 

W 1,080.17. 0.440.03 0.50+0.07 

12 1.12:0.16  0.45+0.03 0.40#0.05 

13 1.3240.23  0.62£0.08 0.41+0.09 

14 1,580.28 0.68t0.08 0.43£0.06 

15 1.83£0.27  0.90+0.10 0.45+0.09 

16 PEC e0e 260 1k 0720-13 0.67:0.09 

17 2.231026 1.3240.15 0.65£0.10 

18 2,290.27. —-1.2140.10 0.71£0.10 


TABLE 3: In vitro insulin secretion rates of control and 


ischemic islets during perifusion. 


Values are Meant] Standard Error 


Units are pU insulin/islet/min. 
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FIGURE 8. In vitro insulin secretion rates of control and ischemic 


islets during perifusion. 
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secretory response but the slope of the response curve was less steep 
than for the control group, reaching a maximum rate of 1.32 uU/islet/min 
at 120-125 minutes of perifusion, and declining to 1.21 at the end of 
perifusion. The 1 hour ischemia group showed a very delayed and slow 
rise in detected insulin secretory rate, reaching a maximum rate at the 
termination of perifusion of 0.7 wU/islet/min which is less than twice 
the baseline rate. This data demonstrated a marked progressive 
deterioration in the insulin secretory capabilities of islets from 
animals exposed to 1/2 and 1 hour of warm ischemia as compared to those 
harvested from living animals. The rate of secretion by the ischemic 
groups was significantly [p<0.05] less than for the control group at 
all sampling times beyond 55 minutes of perifusion. The secretory rate 
of the 1 hour ischemia group is significantly decreased compared to the 
1/2 hour group at 80 minutes of perifusion and beyond. 

The deterioration of islet function was confirmed by examining 
their total insulin secretion during the high glucose stimulation period 
of perifusion [Table 4, Fig. 9]. The total secretion showed a signifi- 
cant progressive reduction for each successive experimental group. 

The impairment of total secretion after 1 hour was highly significant 


[p<0.001] when compared to the control group. 


D. Discussion 

The results of this study indicate that there can be little 
optimism that islets of Langerhans which will have satisfactory post- 
transplantation function can be harvested from cadavers following 


exposure to warm ischemia. 


The rapid decline in the numbers of islets which can be isolated 
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Total Secretion (yU insulin/islet) 


167.76%21.95. 


p<0.01 
89.1048.41 — Sp <0.001 
™ p<0.027 


58.8446 .68— 


TABLE 4: Total insulin secretion of control and ischemic 


islets during perifusion. 


Values are Meant1l Standard Error. 
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FIGURE 9. Total insulin secretion of control and ischemic 


islets during perifusion. 
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after ischemic intervals, leading to a total lack of success in 
obtaining them from animals subjected to longer than one hour of ischemia, 
greatly reduces the efficiency and feasibility of transplanting islets 
from post-mortem donors. Obviously, even brief periods of ischemia are 
altering the islets in some manner so that the harvest procedures used 
in these experiments are no longer productive. When the low percentage 
yield of the present rigorous isolation procedures in control animals 
is considered, it is not surprising that any additional insult to the 
donor tissue, such as the metabolic changes resulting from ischemia, 
leads to complete inability of the islets to withstand these procedures. 
It is conceivable that this phenomenon is due to damage secondary to 
ischemia, perhaps even early autolysis, affecting the delicate reticular 
network surrounding the islets so that they’ are less able to maintain 
their integrity upon exposure to the harsh mechanical and/or enzymatic 
methods for their isolation. Perhaps newer harvest techniques or pre- 
treament of the donor animal with protective drugs may increase the 
ischemic interval. following which islets can be isolated in useful 
numbers. Without such advances, attempts to obtain transplantable 
islets from cadaver donors would appear to be impractical. 

The in vitro function studies demonstrated that ischemia 
rapidly results in diminished insulin secretory activity of isolated 
islets. If the ability to secrete insulin does indeed correlate 
with islet viability as has been proposed in this report, the experimental 
data indicates that a significant impairment of viability has occurred 
following 1/2 hour of ischemia and the limited response at one hour is 


suggestive that the end-point of viability has been nearly reached at 


y \ 


~ 
eeoauz to doal (e209 - ot pnibeai seta 
Wor Sno mane’ vane e bes foot due lathes mon, nm 

D ey 

ani cnet ef Patz: os be vc snatoitte, “a ie ‘e 


9 Shoresy tetas pelavotvde Ait 
p . 7 eu yea 
‘3 ait tnt He. Tonner: snipe ahi P odt 9 - 
eee , oe mn ay af 
NSN  SMERBE IY Teynol On ONE cine OX 


P ' ’ _ 4 
O7°nS2 A! 2e7 base hers fount 4 votraryy ns : ; 


; > . rm | Bical ~~ ol = 
7.09 RE | AGeTITRDE Vhs Servs ont? APE 200 zi HH 


oy? bog! 207th oJ afalat « wie oon “ nO 


Rhy eT, HON gH ORSAY “ino ae. a WHOS, 2 
i é ; s$3 3E +3 Beet zxi , ad as sy {« "9 tt ava 4 rs git . a eee 
. ; t - ‘ 


ve Yale els OFS tat ay on ue te 


“sy ¢i J fis S bors par fetal ba Pi a Bil ed one ogy 


re | 


Mist aul 

1b eeupintios? 3 cay red sonal eck wot taal tents! 2 
: ae a 

mane Ph cp trie) ; " t ‘OAT Te 

\ ee | re 7 NT | sono Ci 4 

‘4 £¢ Ae a Bo laih iit hele ‘7 ri Mt 


soos l dered aside a a Boosts 29 sez . 


en ea 


7aV Et 


lsptd sev. 2 ohn 6 b (ind avn 
7] = . be 
PBN Jai SeuF bate ano ner ute not om 


| en went veto th 


wv oan 
oe SNe Sh tsa t 28 a mal eu ate Dit ae tie 


bossios?’ to wivigoa ee v3 12 


Ra ecree, Oh | yoga shite 
aro e eae “ti tndaty +0: 


ah. thes gnd de 2 i ail na hi 


66 


that time. 

The metabolic defects whereby decreased islet secretory function 
evolved were not studied in this project but possible mechanisms can 
be considered. Decreased insulin content of the islets during ischemia 
due to its passive loss from the beta cells plus arrest of synthesis 
during that interval would make available appreciably less insulin for 
active secretion. However, as normally in the later stages of insulin 
secretion newly synthesized hormone is being released, intact cell 
metabolism in ischemic islets should have produced at least a late 
increase in secretory rate. Alternatively, impairment of the pathways 
of insulin secretion at any point - glucose metabolism, ATP generation, 
calcium transport, microtubule contraction - would arrest secretion. 
However, interruption of one cell process which is particularly 
susceptible to ischemia may not represent cell death. Therefore, the 
in vitro perifusion model may be too sensitive a test of islet function 
to equate with viability as it may be detecting the acute interruption 
of some cellular functions following ischemia and harvest procedures. 
The impairment demonstrated might be reversible under favorable conditions 
such as culture in nutrient media or the post-transplantation environ- 
ment. 

The viability of ischemic islets might be demonstrated to be 
more prolonged by examination of more fundamental cell metabolism. 
However, on the basis of these studies of insulin secretory ability, 
very poor success in reversing diabetes mellitus could be expected 
following transplantation of islets from donors subject to any period of 


warm ischemia, especially in excess of one hour. Support for the 
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validity of the functional criteria of islet viability established by 
this research is suggested by their similarity to the parameters of 
ischemic tolerance of other transplantable organs. 

Kidney viability following ischemia has received considerable 
attention due to its practical applications in clinical renal trans- 
plantation. Employing canine models of occluding the renal vascular 
pedicle with (18) or without (39, 43) subsequent autotransplantation 
of the kidney, plus contralateral nephrectomy, the maximum period of 
ischemia tolerated has been shown to be 75 minutes (18), “approximately 
one hour" (43), and "between one and two hours" (39). Adhering to a 
60-minute time restriction for warm ischemic exposure, a satisfactory 
success rate can be achieved in human renal transplantation from 
cadaver donors (10, 36). 

The warm ischemic tolerance of the liver is not precisely defined 
due to the recognition that different aspects of heptic metabolism are 
affected at varying times and a determinant factor of cell death has 
not yet been selected. A significant reduction in hepatic adenine 
nucleotide levels, particularly ATP and ADP, plus a marked release of 
lysosomal enzymes, LDH, SGOT, SGPT, and alkaline phosphatase within 
30 minutes of ischemia have been demonstrated (27, 30). The degree of 
change in these parameters correlates with prognosis for survival. 

Van Wyk et al (84) studied in vitro hepatic function [02-uptake, 
bromsulphalein clearance, ammonium clearance, ATP generation] in pigs 
following in sttu ischemia and observed only a modest reduction in 
function at 30 minutes but severe impairment at 60 minutes and beyond 


from which they concluded that satisfactory hepatic function cannot be 
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expected if organ harvesting is delayed beyond 1/2 hour after death. 
Observing survival of dogs after hepatic circulatory occlusion tn vivo, 
several investigators have proposed the duration of ischemia compatible 
with viability to be 75 (24), 50 (42), and 40 minutes (27). Following 
auxiliary hepatic transplantation, Toledo-Pereyra et aZ (82) found the 
survival of livers exposed to 30 minutes of warm ischemia to be less 
than six days. 

Islets of Langerhans do not appear more resistant to ischemia 
than other organs such as kidney and liver. In addition to the metabolic 
dysfunction resulting from ischemia, alterations in physical integrity 


occur which interfere with their isolation by current technqiues. 
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CHAPTER IV 


IN VITRO FUNCTION OF ISLETS OF LANGERHANS SUBJECTED TO 
WARM ISCHEMIA FOLLOWING DONOR PRETREATMENT WITH 
METHYLPREDNISOLONE 

A. Introduction 

Due to the well recognized adverse effects of warm ischemia on 
the function and survival of organs for transplantation, proven means 
of reducing ischemic injury, such as hypothermia and tn vitro perfusion, 
have become integral parts of organ preservation programs. In the 
continuing search for additional methods, a popular field of investi- 
gation has been pharmacologic pretreatment of the donor prior to death 
to attempt to reduce autolysis [corticosteroids], maintain vascular 
integrity [heparin, vasodilators] and preserve cellular energy stores 
[allopurinol]. Therefore, a logical extension of the foregoing 
functional studies of islet of Langerhans tolerance to ischemia was to 
determine if donor pretreatment was of any benefit in protecting them 
from ischemia. Investigation in this project was limited to cortico- 
steroids because vascular integrity is not important in islets as they 
are not implanted by vascular anastomosis and an intravenous preparation 
of allopurinol was not available at the time this research was under- 
taken. 

One of the major pathophysiologic processes in cellular 
disruption during ischemia is the initiation of intracellular autophagy 


by the release of lysosomal hydrolases (23, 285 20; 79). Corticosteroids 
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have been shown to delay the release of enzymes from lysosomes, probably 
by a stabilizing effect on their limiting membranes, following many 
insults (86) including ischemia (28, 79), thereby theoretically retarding 
autodigestion. Application of this theory to the ability of organs to 
withstand ischemia has shown positive results in the survival of animals 
following episodes of hepatic (29) and renal (17, 60) ischemia which 

are lethal to control animals. 

The potent and popular corticosteroid, methylprednisolone, was 
chosen for use in these experiments. The pretreatment regimen was 
derived from the work of Miller and Alexander (60) who, by varying 
dosage and pretreatment interval for kidneys prior to ischemia, obtained 
optimum results with 30 mg/kg methylprednisolone administered intra- 


venously for a period of two hours. 


B. Materials and Methods 

The methylprednisolone pretreatment study assessed the insulin 
secretory capability of islets harvested from male Wistar rats given 
methylprednisolone 30 mg/kg intravenously two hours prior to beginning 
to harvest islets in the control group or sacrificing the animals in 
the study groups for a period of warm ischemia. Experimental groups 
of ten animals were subjected to 0 [control], 1/2, and 1 hour of warm 
ischemia following the pretreatment interval. All experiments were 
parallel perifusions of islets isolated from one animal from two of 
the different groups. 

All techniques of islet isolation, perifusion, and insulin 
radioimmunoassay were the same as for the warm ischemia without 


pretreatment study. The additional methods required to administer 
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the methylprednisolone pretreatment were: 
1. Inferior Vena Cava Cannulation 

Within one week prior to drug administration, an indwelling 
cannula was placed in the inferior vena cava. This route for giving 
the methylprednisolone was chosen because it provided reliable access 
to the venous system with none of the time delays or faulty injections 
due to technical problems which can arise with acute methods such as tail 
vein puncture or femoral vein cannulation. The predictable success of 
intravenous injections was important as careful timing of injection 
relative to the beginning of islet harvesting was required, particularly 
as these were parallel studies of animals from two experimental groups. 


A typical sequence of injection and harvesting in a paired experiment 


would be: 

Rat A: 1 hour ischemia Rat. Bs Control + 

+ methyl prednisolone methylprednisolone 
7:30 am Methyl prednisolone injected 
8:00 
8:30 Methylprednisolone 
9:00 injected 
9:30 Sacrificed 
0:00 
0:30 Islet harvesting 
begun 


All cannulations were performed under ether anesthesia. The 
ventral abdomen and a 2 cm square area on the dosum of the neck were 
shaved and washed with an iodine solution. A 5-6 cm midline lower 
abdominal incision was performed and the inferior vena cava exposed 


just above the juncture of the common iliac arteries. The overlying 
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peritoneum and soft tissues were bluntly pushed aside with a sponge to 
expose approximately 2 cm of the vena cava and the right psoas muscle. 

A 4-0 silk suture was then placed in the right psoas muscle just caudal 
to the planned vena cava cannulation site and tied, both ends of the 
suture being left long for subsequent tying around the cannula to 

secure it in place. A PE 50 polyethylene cannula had been previously 
prepared by filling an approximately 25 cm length with normal saline, 
sealing one end by compression with heated forceps, and cutting the 
Opposite end on an approximately 45° angle. The cannula was introduced 
into the vena cava by puncturing the anterior wall with the sharpened 
end and it was advanced 2 to 3 cm cephalad within the lumen. The 
previously placed suture was then tied tightly about the cannula and 

a second anchoring suture was placed in similar fashion approximately 

1 cm distally. The caudally directed free end of the cannula was then 
formed into a wide loop through the abdominal cavity, the loop being 
secured to the left anterior abdominal wall with a single suture of 

4-0 silk, and brought subcutaneously at the cephalad end of the incision. 
The linea alba was closed with a continuous suture of 3-0 chromic. A 
blunt probe was then passed to the right subcutaneously from the superior 
end of the incision to the prepared area on the dorsum of the neck and 
its leading end delivered through a skin stab wound. The free end of 
the cannula was then secured in a longitudinal slit at the trailing end 
of the probe, allowing it to be placed in the subcutaneous tunnel as the 
probe was withdrawn through the stab wound. The cannula was secured to 
the stab wound with a suture ligature of 2-0 silk and any excess length 


was excised after resealing the lumen with a heated forcep, leaving a 
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2 cm segment exposed. The ventral skin incision was closed with a 
continous horizontal mattress suture of 4-0 silk. 

This procedure had a mortality rate of less than 10% with deaths 
due to anesthetic errors or uncontrollable bleeding upon insertion of 
the inferior vena cava cannula. Usually there was essentially no 
blood loss and the animals recovered uneventfully. Postoperatively they 
were housed in individual cages to prevent them dislodging each others 


cannulae. 


2. Administration of Methylprednisolone 

The desired dosage of methylprednisolone [Solu-Medrol, Upjohn] 
was 30 mg/kg. Therefore, 20 mg of methylprednisolone was dissolved in 
1.5 ml sterile distilled water so that each of the animals, whose mean 
weights were approximately 250 g, received an injection volume in the 
range of 0.4 ml. 

To administer the drug, the awake animals were immobilized 
securely by hand, the heat sealed end of the cannula was cut off, and 
a 25 gauge needle was inserted in its lumen. Sterile normal saline 
[0.5 ml] was injected to check for free flow via the cannula, the 
appropriate volume of the methylprednisolone solution was injected, and 
finally the cannula was again flushed with 0.5 ml saline so that all 
the drug was carried into the venous system. The needle was removed and 
the cannula resealed with heated forceps. The animal was then returned 
to its cage for its pretreatment interval of two hours before being 
sacrificed for a period of ischemia or anesthetized for harvesting of 


control islets. 
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C. Results 

As this study was undertaken following completion of the 
perifusion experiments on non-pretreated islets, it was anticipated that 
the problem of being able to harvest fewer islets from ischemic animals 
would also be encountered. Therefore the total number of islets that 
could be isolated was obtained from the same series of animals in 
which perifusion studies were performed, with the exception of one pair 
of experiments in which this step was inadvertently omitted. This simply 
required either complete transferring of the islets from the Dextran 
gradient to the perifusion apparatus so that all would be counted at 
the termination of perifusion or, if by visual inspection more than 
200 islets were estimated to be present in the gradient, an appropriate 
number were taken for perifusion and the remainder transferred to a 
separate filter, stained, and counted so that a total count could be 
obtained. The number of islets harvested from each methylprednisolone 
pretreated group plus comparison to those isolated from the corresponding 
non-pretreated groups are shown in Table 5 and Figure 10. 

These results indicate that a similar trend was present with 
progressive inability to isolate islets from animals exposed to increas- 
ingly prolonged periods of warm ischemia regardless of whether or not 
methylprednisolone pretreatment had been administered. The animals 
subjected to 0 [Control] and 1/2 hour of ischemia yielded very similar 
numbers of islets in both series of experiments. Following 1 hour. of 
ischemia, significantly more islets were recovered from the methylpred- 
nisolone pretreatment group, indicating that there may be some benefit 


of steroids in improving the yield of islets after that period of 
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Ischemic Interval MP Pretreated Non-pretreated 
0 (Control) 269413 — NS ——- 283+29 
0. 001, i 
1/2 hour p<0.001 _— 154222 ——- NS —— 147417 
NS ~ | 
1 hour 11148 — p<0.001—— 62+7 


TABLE 5: Number of islets isolated from methylprednisolone (MP) 


pretreated and non-pretreated animals. 


Values are Meant] Standard Error. 


NS - not significantly different. 
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FIGURE 10. Number of islets isolated from methylprednisolone 


(MP) pretreated and non-pretreated animals. 
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ischemia. However, several attempts were also made to isolate islets 

from animals subjected to 2 hours of ischemia following methylprednisolone 
pretreatment and, as in the non-pretreatment study, no appreciable | 
number of positively identifiable islets could be recovered at that 

time. 

The in vitro insulin secretory function of islets from the 
groups of animals pretreated with methylprednisolone is shown in Table 6 
and Figure 11. All groups continued to demonstrate diminishing insulin 
secretion for 7 minutes following stimulation with the high glucose 
concentration. Thereafter, the control group developed a moderate 
insulin secretory response, reaching a maximum secretory rate of 
1/27 w/islet/min at 120-125 minutes of perifusion and declining 
slightly to 1.22 at the end of perifusion, which is approximately 
3 1/2 times the baseline rate of secretion. The 1/2 and 1 hour groups 
showed very similar secretory responses with a very gradual increase 
in secretory rate to little more than twice the baseline rates. At 
no sampling period was there a statistically significant difference in 
secretory rates between the 1/2 and 1 hour groups. The control group 
secretory rate was significantly [p<0.05] greater than the 1/2 hour 
group at 80 minutes and beyond and greater than the 1 hour group from 
60 minutes to the termination of perifusion. 

The secretory responses of methylprednisolone pretreated and 
non-pretreated islets are compared in Figure 12. The control and 1/2 
hour ischemic groups from the methylprednisolone pretreatment study had 
impaired insulin secretion. For the control group the impairment was 


significant [p<0.05] from 80 minutes of perifusion onwards; for the 
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Sample No. Control+MP 1/2 hr Ischemiat+MP 1 hr Ischemia+MP 
2 2.06+0.46 1.9240. 26 1. 2840.18 
3 0.680.10 0.8440.07 0.92*0.09 
4 0.45+ 0.07 0.61+0.09 0.67+0.09 
5 0,480.13 0.48: 0.06 0.44+0.05 
6 0.4140.08 0.380.07 O23/20205 
7 0.36+0.06 0.3140.07 023220205 

0.4040. 06 0.36¢ 0.07 0.35+0.05 

9 0.53£0.08 0.3340.09 0.36+0.05 
10 0.56+0.09 0.34+0.09 O23 7£0205 
1] 0.64+0.07 0.39+0.10 OF Se 0505 
12 0.73+0.10 0.43£0.1] 0.38+0.06 
iis Oeoce Ors OF oor es 0,380.05 
14 0.95+0.10 0, 55015 0.46+0.05 
15 1.140.171 0.67£0.15 0:5120307 
16 ose le On Geel 0.59+0.09 
We Vato RAH 0.7/740.16 0.69+0.10 
18 ieceus 4 0.82t0.15 0. 7020711 


TABLE 6: In vitro insulin secretion rates of methylprednisolone (MP) 


pretreated islets. 


Values are Meant] Standard Error. 


Units are pU insulin/islet/min. 
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FIGURE 11. In vitro insulin secretion rates of methylprednisolone 


(MP) pretreated islets during perifusion. 
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FIGURE 12. In vittro insulin secretion rates of methylprednisolone 
(MP) pretreated and non-pretreated islets during 


perifusion. 
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Ischemic Interval MP Pretreated Non-pretreated 
0 (Control) 2 ee _-98.6348.74— p<0.01—167.76421.95 
1/2 hour p<0.01 Se. O4212.90—-"NS F989. 1026-41 

S 
1 hour "~ 54.7847.04 —~ NS —— 58.8446.68 


TABLE 7: Total insulin secretion of methylprednisolone (MP) pretreated 


and non-pretreated islets during perifusion. 


Values are Meant] Standard Error. 
Units are pU insulin/islet. 


NS - not significantly different. 
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FIGURE 13. Total insulin secretion of methylprednisolone (MP) 
pretreated and non-pretreated islets during 


perifusion. 
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1/2 hour group a significant reduction in response was present at 

120 minutes and beyond. The 1 hour ischemia groups from both studies 
displayed almost identical secretory responses. Insulin release from 
the 1/2 hour ischemia, methylprednisolone pretreatment group was also 
very similar to that of the 1 hour groups. 

The total insulin secretion following glucose stimulation for 
the three experimental groups from the pretreated and non-pretreated 
Studies is given in Table 7 and Figure 13. As in the non-pretreated 
study, total insulin secretion by islets from animals receiving methyl- 
prednisolone pretreatment showed a progressive decline at successive 
ischemic intervals, even though the difference between 1/2 and 1 hour 
is not significant. The reduction, compared to the non-pretreated 
groups, was significant for the control group and showed a definite 
but non-significant trend in the 1/2 hour ischemia group. Total 


secretion by the two 1 hour groups was very similar. 


D. Discussion 

The results of this study, within the limits to be proposed, 
suggest that little benefit was derived from methylprednisolone pre- 
treatment of islet donors prior to warm ischemia. 

The decreasing numbers of islets isolated following each 
ischemic interval was quite comparable to the results of the non- 
pretreatment study. A beneficial effect of methylprednisolone in 
increasing the number of islets harvested was recognized at one hour 
of ischemia but did not lead to any prolongation of the ischemic interval 
following which islets could be isolated. Furthermore, the significant 


increase in number of islets harvested at one hour still resulted in 


| D200 264 at wattouber Insotttny hee query 
2 ag 44! ¥ 
yte Aiod mon? sque ws n iveagat sword 1 suit * bn od bne 2 


1 ois 7 


veyy | set LASa ' Pa saad 04 vIs "73H feottn 
av; ; 
AW QUONE 2 Sie See anoles h bara eae antine 


edaite wort af or Ky to teste? 
ie in ad 1 a 
0 Wide opooely peewel hat aotiemnegs - Ghee 'f ee 


. 
= 
_ 


A 
d= nit  seubenq oa5 ma? QTD. tase ag q +: sow 


0 ait ab gh 28 Didauptt bre Taha a vty ea 


WNT Vi9S e+ ovens cane ot codon an a 
6 Sapissh a "Sas tio" ie ce viQere soon at ms 


ANTI THD ect? fpyodt WnvS iy ie a nF 


ial) 


on ons: OF Hipage? ,noltoutiey git .sneothd neh 


sueig Heitros okt vt Sosa tt ine te ao 
” + 


Mi : 


of, .qudw, sheade > qe pS i ines aan 


7 


liste yaar pew equ: me “nih i okt ne 


ow od: Gg 33 iar ls: ent ® ue Wi bit bie ho ented 

r snare2riy ath, py yh mm net vit be vitab zw 7 
| aie tet melt of Oth avon 4 
(983 peiwul ot Seg ioat agate? to eed it 


| ad 
“OSA, Aer a ont ah oe ¢ oti 


-_ 


ziLie 
wer Pe 


(von, Sao 35 DS 0 : 


Tart? oy im 13h; RE et oy DO. vest 
af - i 


Prise 
ih ¥ 
Ds ho Taare: ant ina ie 


at ba Geer Paya s en 


— Pi ox 


88 


significantly fewer than from the nonischemic groups, indicating that 
delayed harvesting would continue to be an inefficient source of islets 
for transplantation. 

The impaired tn vitro insulin secretion of the sonra and 1/2 
hour ischemia groups of islets from methylprednisolone pretreated in 
comparison to the non-pretreated study, with very similar patterns of 
secretion by the one hour groups from both studies, can possibly be 
explained as follows. 

The two projects were undertaken consecutively with the methyl- 
prednisolone pretreatment study begun following completion of perifusion 
experiments on non-pretreated islets. Therefore, different lots of 
reagents, particularly Dextran and collagenase, were employed as 
former stocks were used up. Altered chemical constitution of the 
different lots may have had an effect on the physiologic function of 
islets isolated during their use [73, Appendix II]. Perhaps the 
marked similarity of responses of the one hour groups in each study 
provide some reassurance that such results might not have been achieved 
had a toxic reagent been used in one series of experiments. 

An alternative explanation might be that metnylprednisolone 
pretreatment changed the response of the beta cells to glucose stimu- 
lation. As steroids are not considered to be toxic to cells, it can 
probably be assumed that such an effect would nave been due to physiologic 
alteration of the insulin secretory mechanism. 

Glucocorticoids, of which methylprednisolone is a relatively 
potent representative, promote gluconeogenesis and hepatic glycogenesis 


and impair peripheral utilization of glucose (37, 61). Species 
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variation in the predominance of each of these effects leads to either 
normoglycemia [dogs, most humans] or varying degress of hyperglycemia 
[sheep, rabbits, rats] during the chronic administration of pharmacologic 
doses of steroids (4, 11, 31, 56, 85). In all species studied, an 
increase in serum insulin levels accompanies glucocorticoid adminis- 
tration. The hyperinsulinism is attributed to peripheral resistance to 
glucose utilization plus a possible increased sensitivity of the beta 
cells to glucose in normoglycemic subjects, and to the additional stimulus 
of elevated blood glucose levels in hyperglycemic animals. No studies 
documenting the rapidity of change in serum glucose and insulin concen- 
trations with the acute administration of steroids were found. 

An attractive hypothesis would be that intravenous administration 
of massive doses of glucocorticoid as in these pretreatment experiments 
would rapidly induce gluconeogenesis, mobilizing glucose into the 
circulation to cause a secondary stimulation of insulin release. Direct 
steroid stimulation of the beta cells might also occur. The net result 
would be reduced total insulin content of the islets following steroid 
administration, as has been confirmed by demonstrations of beta cell 
degranulation by electron microscopy (85) and a reduction in total 
extractable pancreatic insulin (12). The provoked insulin secretion 
would also consume substrates for insulin synthesis. The reductions in 
islet insulin content and substrates for de novo insulin synthesis would 
limit the insulin secretory response that could occur during tn vitro 
perifusion. 

This theory of rapid glucocorticoid induced insulin release 


might therefore explain the reduced secretory response in the control 
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and 1/2 hour ischemic methylprednisolone pretreated islets. Its effect 
probably would not have been apparent in the one hour ischemic islets 
due to the limited insulin secretion occurring at that time. 

Possible alterations in insulin homeostasis due to the metabolic 
effects of methylprednisolone introduces a second variable making 
comparison of viability based on the insulin secretory rates of ischemic 
islets with pretreatment to those without impossible. However, it is 
tempting to suggest that the very limited response in both one hour 
ischemia groups implies a similar severe degree of impairment of 
viability. 

Insulin secretory rate cannot be used as an index of islet 
viability following donor pretreatment if the drugs employed have any 


effect on glucose homeostasis, particularly the beta cell insulin content. 
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CHAPTER V 


CONCLUSIONS 


These studies of islet of Langerhans structural and functional 


integrity following exposure to warm ischemia permit the following 


conclusions. 


ir 


Light microscopy failed to demonstrate any morphologic changes 
in islets following up to 24 hours of warm ischemia. The 

lack of information from the histologic techniques used and 
their failure to correlate with electron microscopic and 

in vittro functional evaluations of islets following ischemia 
indicate that this method is valueless in assessing islet of 


Langerhans viability for transplantation. 


. Electron microscopy demonstrated a sequence of deterioration 


in islet ultrastructure during warm ischemia whereby irrever- 
sible morphologic damage, defined by the disruption of cell 
and organelle limiting membranes, could be recognized by 

six hours. In view of the probably more accurate indication 
of viability by subsequent tin vitro functional studies, the 
limit of viability determined by electron microscepy was too 
generous, significant functional impairment having preceded 


irreversible structural disintegration. 


3. In vitro functional studies exposed two limiting factors in 
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obtaining islets from postmortem donors. 


a) 


b) 


Increasing warm ischemic intervals were associated with a 
progressive reduction in the number of islets that could 

be harvested. Beyond one hour of ischemia, virtually none 
could be isolated by current techniques. 

In vitro insulin secretory function rapidly deteriorated 
during ischemia; only a very limited response occurred after 
one hour. This functional deterioration can be extrapolated 


to indicate a comparable impairment of viability. 


Methylprednisolone pretreatment of islet donors for tn vitro 


functional studies was not found to be beneficial. 


a) 


A positive effect in increasing the number of islets 
harvested following one hour of ischemia failed to produce 
numbers comparable to those from nonischemic donors and 
did not lead to prolongation of the ischemic interval 
during which islets could be isolated. 

In vitro islet function was adversely affected by methyl- 
prednisolone in the control and 1/2 hour ischemia groups 
while the function of the one hour group was comparable 
to its non-pretreatment counterpart. This functional 
impairment may be attributed to a pharmacological effect 
of methylprednisolone or an uncontrollable variation in 
experimental procedure. It emphasizes that im vitro 
studies of islet viability based on insulin secretory 
function following donor pretreatment are unreliable if 


the pretreatment drugs have any effect on islet homeostasis. 
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The practical application of these findings in rats is to 
Suggest guidelines for islet harvesting in human transplantation. The 
maximum warm ischemic period following which any number of islets with 
any degree of in vitro function can be isolated is one hour. To obtain 
Significantly better results in numbers of islets harvested and their 
function demands that the warm ischemic interval be kept to a minimum. 
With current methods, cadaver donors exposed to periods of warm ischemia 
will be an unsatisfactory source of islets of Langerhans for trans- 


plantation. 
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WARM ISCHEMIA 
TEMPERATURES TO WHICH ISCHEMIC ISLETS WERE EXPOSED 

Warm ischemia may be defined as the interval between the inter- 
ruption of normal circulation and the beginning of effective cooling or 
artificial perfusion. Due to the complex sequence of degenerative intra- 
cellular events which are initiated by ischemia, this interval is 
critical to the subsequent recovery of cellular and organ function. The 
rate at which ischemic injury evolves is temperature dependent. The 
rate of metabolic deterioration occurring at normothermia can be slowed 
considerably by cooling to room temperature and to a very significant 
degree by hypothermic conditions [4°C]. | 

All studies described in this report were designed to mimic the 
warm ischemic conditions of harvesting organs from cadaver donors. Each 
animal to serve as a donor of ischemic tissue was sacrificed by an 
overexposure to ether, had its abdomen shaved for eventual laparotomy, 
and was then left exposed at room temperature [22-26°C] for the 
appropriate ischemic interval prior to removing the pancreas for 
experimentation. 

To document the temperatures to which the islets were exposed 
in situ in the rat cadavers, five Wistar rats of similar size range to 
those used in the actual experiments were sacrificed and prepared in 
the usual manner. Immediately after death a pointed fine calibre 
temperature probe was inserted percutaneously through the ventral 


abdominal wall and positioned blindly so that its recording tip would 
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be estimated to lie anterior to the lumbar spine in the region of the 
pancreas. This probe was connected to a continuous temperature recorder 
[Varian Model G-11A] on which an initial room temperature reading had 
been previously obtained. The animal remained connected to the 
apparatus until its internal body temperature had equilibrated with 

room temperature. The final room temperature was then noted. The 
pattern of body cooling, which was very similar in all animals, is shown 
in Figure 14. The gradual cooling of the animal to room temperature 
between seven and eight hours after death indicates that the islets were 
subject to an appreciable period of warm ischemia, particularly in 
reference to the time intervals during which significant injury was 


demonstrated by electron microscopy and in vitro functional studies. 
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FIGURE 14. Postmortem body temperature in rats. 
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USE OF DEXTRAN FOR DENSITY GRADIENT 
ISOLATION OF ISLETS 

Ficoll, a high molecular weight polymer of sucrose, has been 
the reagent reported exclusively for use in constructing density 
gradients for the isolation of islets of Langerhans. Scharpe et aZ (73) 
have shown that different lots of commercially available Ficoll are 
contaminated to varying degrees with low molecular weight substances 
which appear to be toxic to islets. Reproducible results of isolated 
islet insulin secretory responses or transplantation are impossible to 
obtain unless these contaminants are removed from the Ficoll by dialysis 
prior to its use. 

As facilities for dialyzing Ficoll were not available for this 
project, it was thought that clinical grade Dextran, a high molecular 
weight polymer of dextrose which has been used successfully in other 
density gradient separation techniques, might be sufficiently pure for 
use. Density gradients constructed of Dextran, average molecular weight 
170,000, achieved separation of islets from acinar tissue equally 
effectively as those prepared with Ficoll. The effect of Dextran on 
islet insulin secretion was assessed by perifusion experiments in which 
samples of the effluent fluid were collected every minute during the 
initial 20 minutes following stimulation with a high glucose concentration 
[300 mg%] and for longer and more widely spaced intervals during the 
later stages of stimulation. The dynamics of insulin secretion 


demonstrated in a typical experiment are shown in Figure 15. The 
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FIGURE 15. Biphasic insulin secretory response during perifusion 


following islet isolation with Dextran. 
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biphasic nature of the insulin secretory response is recognizable with 
the initial rapid phase represented by two small peaks of secretion 
within the first 15 minutes followed by the more gentle slope of the 
Sustained second phase of release. 

The adequate separation of islets plus the satisfactory insulin 
secretory responses during perifusion appeared to justify the use of 


Dextran for islet isolation in place of undialyzed Ficoll. 
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